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Abstract
We have reported the in situ surface–enhanced Raman spectroscopy (SERS) monitoring of repetitive surface plasmon–mediated
chemical transformation cycles in a conjugate nanobiological system. The nanobiological conjugate comprised a gold-coated
plasmonic substrate biofunctionalized with thiolated single–stranded DNA carrying a reduction-oxidation indicator
methylthioninium chloride, which is also known as methylene blue (MB), in buffer solution at a neutral pH. Exposure to a
523-nm laser excitation produced pronounced SERS bands of oxidized MB. Continued exposure to the laser resulted in
disappearance of the SERS bands, which can be interpreted as a reduction of MB. This occurred in the absence of electrochemical
stimulation, chemical agents, or catalysts, suggesting a surface plasmon–mediated mechanism of the transformation. The oxidized form of MB was recovered by an addition of fresh buffer solution on the surface of the sample. Continued laser exposure
with periodical addition of the buffer resulted in repetitive cycles of changes in the SERS pattern, which were monitored in situ.
The chemical transformations of MB were preceded by a buildup of an intermediate SERS pattern, which was attributed to a
transient form of MB created by selective surface plasmon-driven excitation.
Keywords Plasmon-driven photochemical reactions . SERS . Nanoplasmonics . Nanobiological conjugates . Methylene blue

Introduction
Engineering of multifunctional nanobioelectronic materials is a
rapidly advancing interdisciplinary field of research and innovation. The integration of stimuli-responsive biological components with nanostructured surfaces of solid-state electronic devices is expected to revolutionize biomedical instrumentation,
environmental diagnostics, and green energy harvesting technologies [1, 2]. A potentially transformative pathway involves
the usage of nanoplasmonics to both manipulate and monitor
conjugate nanobiological architectures, while harvesting energy from visible light [3–6]. Surface plasmons are oscillations of
electron density at a surface of a material. When a proper nanostructure (plasmonic substrate) is exposed to light, highly efficient absorption of incoming photons is possible, which is accompanied by a buildup of Bhot-spots^—nano-sized regions
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where electromagnetic energy is accumulated due to the excitation of surface plasmon oscillations. This conversion of energy from light into highly localized hotspots imparts plasmonic
substrates with unique functionalities. In particular, the recent
discovery of heterogeneous photocatalysis at the interface of
plasmonic substrates’ surfaces and chemically responsive materials, which is mediated by energetic Bhot^ carriers that arise
from the decay of surface plasmons [4–8] promises pathways
for selective photocatalytic synthesis of materials that otherwise
could not be achieved at ambient conditions [3–6].
Furthermore, plasmonic substrates are known to enhance inelastic Raman scattering of light by materials located nearby [4,
9, 10]. This dramatically increases the sensitivity of the Raman
spectroscopy, which in turn allows capturing unique vibrational
fingerprints of materials. The resulting characterization method, known as the surface-enhanced Raman spectroscopy
(SERS), is highly regarded as a method of selective and ultrasensitive detection down to the submonolayer quantities of
materials [10, 11]. Importantly, most plasmonic substrates that
show a strong SERS enhancement are also efficient as
photocatalysts and vice versa.
This multifunctional nature of plasmonic substrates enables
a unique platform that combines the capabilities of energy
harvesting from visible light, photocatalytic functions, and
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ultrasensitive characterization of molecular events in the same
design [4, 11–15]. The integration of plasmonic substrates
with stimuli-responsive biological materials promises countless self-powered nanobiological systems with precise positional control of selectively stimulated molecular events. For
this potential to be realized, specific conjugate architectures
that allow for combined surface plasmon-driven photocatalytic stimulation and monitoring need to be designed and investigated. The development of such systems is progressing
quickly. SERS in situ monitoring of surface plasmon-driven
reduction-oxidation [15–17] or polymerization [18] processes
has been reported recently.
In this work, w e hav e dev elop ed a c onjug ate
nanobiological system interfacing plasmonic gold nanostructures with thiolated single-stranded DNA carrying an important reduction-oxidation indicator, methylthioninium chloride
C16H18ClN3S, which is also known as methylene blue (MB).
The scheme of the conjugate system is outlined in Fig. 1. MB
is well-known to adopt oxidized or reduced forms. In solution,
at neutral or acidic pH, MB adopts an oxidized form (denoted
here as MB+), which produces a characteristic Raman spectrum [19, 20]. Additionally, MB is known to bind to guanine
bases [21, 22], which makes it a useful marker for
nanobiological architectures involving DNA. We have investigated the evolution of SERS spectra of DNA-bound MB in
our conjugate system under laser exposure in aquatic environment and captured a reversible reduction-oxidation process
mediated by surface plasmons during the laser excitation.

Materials and Methods
Plasmonic nanostructures were created by magnetron deposition of thin (15 nm) gold coating on glass substrates using an
Emitech K550X system from Quorum Technologies, with a
Fig. 1 Scheme of the conjugate
nanobiological system interfacing
MB-loaded, thiolated DNA with
Au-coated plasmonic substrate in
an aquatic environment
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deposition rate of 10 nm/min. Prior to the Au coating, the glass
slides were cleaned thoroughly. The slides were first washed
with acetone and DI water; then, they were placed in a
Bransonic ultrasonic bath for 5 min. After the sonication, each
sample was nitrogen-dried. Finally, the slides were radiofrequency (RF) plasma-etched using a Jupiter III instrument
(Nordson March). Etching was performed for 1 min with an
Ar/H2 mixture first, followed by a 30-s H2 etching.
We employed a Bruker Dimension Icon atomic force microscopy (AFM) instrument to characterize our gold-coated
glass substrates. Figure 2 presents the surface morphology of
Au coating with a 15 nm average thickness on a glass support.
Nanosized self-assembled islands of Au are clearly seen in the
figure. Tiny gaps around such islands are expected to provide
plasmonic hotspots when the substrate is exposed to light
[9–11, 23].
The Au-coated substrates were biofunctionalized as schematically shown in Fig. 1. For this purpose, lyophilized
thiolated DNA material, 5′-GGTTTGGAGGGGC [SpcC3]Thiol, and an 1.5% MB solution were purchased from
Sigma-Aldrich. The DNA sequence is one of natural
guanine-rich genome fragments (see, e.g., Ref. [24]). A
1 μM DNA solution was prepared with Tris-EDTA buffer at
a pH of 7. The solution was stored at 5 °C. To biofunctionalize
the samples, a 100 μL drop of the DNA solution was deposited onto the gold-coated substrates. Next, a 100 μL drop of a
4.7 mM MB solution was added onto the same spot, and the
samples were incubated in humid environment for 24 h at 5 °C
as illustrated elsewhere [25]. It was expected that during the
incubation, DNA strands would bind to the surface of gold
coating through thiol groups [23, 26, 27], whereas MB would
bind to guanine bases of the DNA [21, 22].
After the incubation, the samples were thoroughly rinsed in
the Tris-EDTA buffer with a pH of 7, and a drop of fresh
buffer was deposited onto their surface. The volume of the
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Fig. 3 Scheme of the samples during laser exposures

Results and Discussion

Fig. 2 AFM surface morphology of the Au-coated glass substrates: a 3D
topographical image; b plan-view image.

drop was adjusted to keep the biofunctionalized surfaces
in liquid environment during subsequent laser exposures
(Fig. 3). For the laser exposures and acquisition of the Raman
spectra, a Horiba LabRAM HR800 Evolution Raman
microspectroscope was employed. We used a 523 nm excitation wavelength with a laser power of 50 mW, and a 10x
magnification. Care was taken that a drop of liquid remains
on the surface of the samples during all the exposures.
For benchmarking purposes, control samples comprising a
100 μL drop of the 4.7 mM MB solution deposited directly
onto gold-coated glass substrates in the absence of DNA were
also characterized. Two kinds of such samples were prepared.
Control samples #1 were characterized immediately after the
deposition of MB solution onto their surface, without incubation or rinsing. Control samples #2 were subjected to similar
incubation and rinsing procedures as those containing both
MB and DNA. A different set of control samples, #3, comprised 100 μL drops of MB solution onto bare uncoated glass
slides without gold coating. In one more set of control samples, #4, drops of both MB and DNA solutions were deposited
onto the surface of bare glass slides without gold coating.
Finally, in control samples #5, DNA solution without MB
was incubated on gold-coated glass slides.

Figures. 4a and b present the typical Raman spectra of control
samples #1 and #2, respectively. Fig. 4a, which represents a
spectrum of the MB solution immediately after deposition
onto gold-coated substrate in the absence of DNA, exhibits
pronounced bands attributable to MB+ in the oxidized form.
Based on published literature [19, 20], we expect the strongest
band at approximately 1625 cm−1 to originate from stretching
of C–C bonds of MB’s aromatic rings, those between 1398
cm−1 and 1470 cm−1 to represent vibrations of N–C bonds and
CH3 groups, and those at 501 cm−1 and 446 cm−1 to result
from C–N–C skeletal bending.
Figure 4b depicts a spectrum of a similar MB solution after a 24-h incubation in the Tris-EDTA buffer at
a pH 7 on a gold-coated glass slide in the absence of
DNA and subsequent rinsing. The spectrum does not
exhibit any bands attributable to MB, indicating that
the MB molecules do not attach to the gold-coated substrate’s surface strongly enough to remain in a detectable quantity after rinsing. Spectra from the DNA incubated on gold-coated glass slides in the absence of MB
were also acquired. No pronounced signal that could
interfere with the MB fingerprint was detected.
Figure 5 shows an example spectrum of a sample incubated
with both DNA and MB after subsequent rinsing. In striking
contrast with the DNA-free samples, pronounced SERS bands
typical of oxidized MB+ are visible in this figure. These include a strong peak at approximately 1623 cm−1. We have
concluded that during the incubation, thiolated and MBloaded DNA binds to the surface of gold, playing a role of
surface-immobilized linker for MB. Remarkably, after rinsing
of the samples, surface-immobilized DNA is supposed to be
present only in a monolayer quantity or less. Therefore, pronounced SERS fingerprints such as shown in Fig. 5 correspond to an extremely small quantity of DNA-bound MB+
molecules. This suggests a significant signal enhancement,
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Fig. 5 SERS spectrum of a sample carrying MB-loaded DNA
immobilized on gold-coated glass substrate after 24-h incubation and
subsequent rinsing [25]

cm−1 was observed again. The sample’s surface remained humid at all times during these experiments.
Degradation and/or disappearance of Raman bands characteristic of oxidized MB+ was found previously in electrochemical experiments, when negative electrode potential was

Fig. 4 Raman spectra of control samples containing methylene blue on
gold-coated substrates in the absence of DNA [25]: a spectrum of MB+
solution on the substrate without incubation and rinsing; b spectrum after
deposition of the MB solution on the substrate, 24-h incubation, and
rinsing

indicating that self-assembled Au nano-islands seen in Fig. 2
have been efficient enough for a buildup of plasmonic
hotspots under the 523-nm laser excitation.
Next, we have collected the SERS spectra of the samples
carrying MB-loaded DNAs after exposures to the laser excitation of various durations. Figure 6 compares the SERS spectrum obtained at the beginning of the exposure of the sample
with those acquired after longer exposures. Initially, at the
beginning of the experiment, a fingerprint of oxidized MB+
was clearly visible. However, after 100 min of exposure to the
laser, the SERS fingerprint completely disappeared. At that
point, we added a 20 μL drop of fresh Tris-EDTA buffer
(pH 7) onto the same sample and continued the laser exposure.
This resulted in a recovery of SERS fingerprint of MB+. After
140 min of exposure, a clear band was visible at 1630 cm−1.
To further investigate this phenomenon, we carried out the
experiment for a longer time. As Fig. 6 illustrates, continuing
the laser exposure resulted in the disappearance of the MB+
bands after 180 min, whereas repeated addition of the buffer
led to their recovery. After 240 min of the exposure, a band
from the vibrations of MB+ aromatic rings centered at 1624

Fig. 6 SERS spectra of a sample carrying MB-loaded immobilized DNA
after various durations of exposure to a 523-nm laser. Fresh Tris-EDTA
buffer was added after 100 min and 180 min of the exposure, as indicated.
A vertical offset was applied to the spectra for clearer presentation
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applied to an MB solution [20, 28] or immobilized MB-loaded
DNA [29]. Upon the reversal of the applied potential, the
recovery of the MB’s Raman fingerprint was observed [29].
Thus, the absence of SERS bands at 100 min and 180 min of
laser exposure, as illustrated in Fig. 6, is attributable to a reduction of DNA-bound MB, whereas recovery of the spectrum at 140 min and 240 min can be interpreted as its reversible oxidation. However, unlike the earlier studies, the cyclic
changes of the SERS spectra, as seen in Fig. 6, occurred in the
absence of electrochemical stimulation.
Remarkably, both the disappearance of MB+ SERS fingerprint and its recovery, as seen in Fig. 6, are preceded by a
buildup of an alternative SERS pattern. As Fig. 6 illustrates,
the spectra acquired after 40 min, 110 min, 150 min, and
220 min of laser exposure are dissimilar to that at the beginning of the experiment as well as those seen at 140 and
240 min of the exposure. Additionally, the examples of the
transition spectra are presented in Fig. 7. Instead of a strong
1623–1630 cm−1 band representing vibrations of MB+’s aromatic rings, a smaller but pronounced peak is observed at
1578–1582 cm−1. According to the literature [19], this band
is still attributable to vibrations of aromatic rings in MB, although the shift in position indicates a decrease in frequency
of these vibrations. Another pronounced band is found at
1181–1184 cm−1. A similarly positioned but relatively weak
band is discernible in the MB+ fingerprints (see, e.g., Figs. 4a
and 5), which can be attributed to N–C bonds stretching in
MB [19]. We have hypothesized that the alternative SERS
spectrum originates from DNA-bound MB in an intermediate
transition state, which we have denoted as MB*.
To elucidate the origin of the observed reductionoxidation transformations of MB, we have carried out
similar experiments with control samples #3, which
comprised a drop of MB solution deposited onto bare
glass slides without gold coating and DNA functionalization.
The samples were subjected to laser exposures as described
above. As Fig. 8 illustrates, in this case, a characteristic
Raman band of oxidized MB+, centered at approximately
1629 cm−1, has remained after 100 min of laser exposure.
Furthermore, subsequent addition of 20 μL of Tris-EDTA
buffer did not change the Raman fingerprint. Additionally,
control samples #4, which carried drops of both MB and
DNA solutions on an uncoated glass slide, were characterized.
The corresponding Raman spectra were similar to those
shown in Fig. 8 and remained stable during laser exposures.
The absence of reduction-oxidation transformations in
MB samples on bare uncoated glass surface indicates
that the proximity to the nanostructured gold coating
(Fig. 2) is critical for these transformations. We have
inferred that surface-plasmonic waves generated by laser
excitation in the gold coating are required for the chemical transformations of MB to occur. The fact that the
observed transformations occur in a solution of initially
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neutral pH, in the absence of electrochemical stimulation, and without catalysts other than the gold coating
itself speaks in favor of surface plasmon-driven mechanism of the transformations.
Our SERS results suggest that both photochemical reduction and subsequent oxidation of MB occur through
an intermediate transition state MB*, which is different
from both the two generic forms of MB. It is well-known
that electrochemical [20, 28] or photochemical [30, 31]
reduction of MB are multistep processes and may involve several intermediate states. As a consequence, the
corresponding infrared [30] or Raman [28] spectra typically express a rich pattern consisting of many overlapping bands from various reaction products. Although the
Raman bands close to 1578–1582 cm−1 and 1181–1184
cm−1 regions, as we observe for MB*, have been reported after electrochemical reduction of MB solution [20,
28], they typically were a part of complex multiband
patterns. The relatively simple Raman spectra as we find
for MB*, to the best of our knowledge, have not been
observed. The simplicity of the Raman fingerprints observed after several repetitive reduction-oxidation cycles
suggests that photothermal effects are unlikely to be the
leading mechanism of the changes in the spectra. In case
of thermal excitation, a wide range of the intermediate
products would be created, with a low likelihood of such
simple Raman fingerprints as observed here. Even more
intriguing is the similarity of MB* spectra for the reduction and oxidation processes.
These findings might be rationalized under the assumption of plasmonic-driven photocatalytic mechanism behind the observed transformations of MB. In this mechanism,
the surface-plasmonic waves induced by light absorption in
metal nanostructures decay through the creation of transient
energetic charge carriers of both signs at the interface of metal
and the adsorbate [4–6, 8]. These transient Bhot electrons^ or
Bhot holes^ may be injected directly into specific electronic
states of the adsorbate through the mediation of strong electric
fields in plasmonic hotspots [5, 6, 8, 17]. This, in turn, opens a
possibility of inducing highly selective chemical transformations in materials adsorbed near the hotspots, which otherwise
would be impossible at ambient conditions [5, 8, 15]. We have
anticipated that the transient MB* form might be selectively
excited by direct injection of plasmonic hot carriers with the
mediation of enhanced electromagnetic field in the hotspots
and subsequently transformed into either reduced or oxidized
MB, depending on the availability of sources/sinks of proper
charge carriers in the samples. As an addition of fresh buffer is
required to trigger the reversible oxidation of MB, the carriers
can be expected to originate from the buffer. A possibility of
direct plasmon-driven excitation of MB molecules attached to
Ag nanoparticles has been demonstrated recently [5]. Our
findings suggest that a highly selective, direct excitation might
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Fig. 7 The SERS transition
spectra at 40 min of laser
exposure (a) and 110 min of
exposure (b)

be possible in MB attached to DNA and immobilized on a
surface of plasmonic Au nanostructures in an aquatic
environment.

Summary
We used a simple method, the self-assembly of Au
nano-islands by magnetronic deposition onto glass supports,
to fabricate plasmonic substrates. We biofunctionalized these
substrates with thiolated MB-loaded DNA and investigated
Fig. 8 The Raman spectra of a
drop of MB solution (pH 7) on
bare uncoated glass slide at the
beginning of laser exposure
(bottom); after 100 min of the
exposure (middle); and after
140 min of the exposure following the addition of Tris-EDTA
buffer (top). A vertical offset was
applied to the spectra for clearer
presentation

the response of the samples to a 523-nm laser exposures while
keeping the samples in an aquatic environment during the
entire experiment. Shortly after being subjected to the laser
exposure, the samples exhibited pronounced SERS bands of
oxidized MB.
Continued exposure to the laser with periodical addition of
fresh buffer solution at a neutral pH resulted in repetitive cycles of reversible reduction-oxidation of DNA-bound MB,
which were monitored by SERS in situ. The transformations
occurred in the absence of electrochemical stimulation, chemical agents, or catalysts. However, plasmonic gold coating was
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required for the transformations to occur, suggesting a surface
plasmon-mediated mechanism. Both the reduction and oxidation of MB were preceded by a buildup of an intermediate
SERS pattern, which was attributed to a transient form of
MB created by surface plasmon-driven direct excitation.
Due to multifunctional nature of plasmonic substrates,
the simple design described here allowed simultaneous
harvesting of energy from laser exposures, inducing specific chemical transformations in DNA-bound MB, and
detecting these transformations in situ from submonolayer
quantities of MB-loaded DNA material. Clearly, further research is required to unravel details of these transformations.
We expect that the multifunctional nanobiological system described here will be useful for future research on surface
plasmon-driven photocatalysis, elucidating the reaction mechanisms involved, optimizing plasmonic substrates, and refining their applications.
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